Purpose Metabolic activity and hypoxia are both important factors characterizing tumor aggressiveness. Here, we used F-18 fluoromisonidazole (FMISO) and F-18 fluorodeoxyglucose (FDG) positron emission tomography (PET) to define metabolically active hypoxic volume, and investigate its clinical significance in relation to progression free survival (PFS) and overall survival (OS) in glioblastoma patients. Experimental Design Glioblastoma patients (n = 32) underwent FMISO PET, FDG PET, and magnetic resonance imaging (MRI) before surgical intervention. FDG and FMISO PET images were coregistered with gadolinium-enhanced T1-weighted MR images. Volume of interest (VOI) of gross tumor volume (GTV) was manually created to enclose the entire gadolinium-positive areas. The FMISO tumor-to-normal region ratio (TNR) and FDG TNR were calculated in a voxelby-voxel manner. For calculating TNR, standardized uptake value (SUV) was divided by averaged SUV of normal references. Contralateral frontal and parietal cortices were used as the reference region for FDG, whereas the cerebellar cortex was used as the reference region for FMISO. FDG-positive was defined as the FDG TNR ≥1.0, and FMISO-positive was defined as FMISO TNR ≥1.3. Hypoxia volume (HV) was defined as the volume of FMISO-positive and metabolic tumor volume in hypoxia (hMTV) was the volume of FMISO/ FDG double-positive. The total lesion glycolysis in hypoxia (hTLG) was hMTV × FDG SUVmean. The extent of resection (EOR) involving cytoreduction surgery was volumetric change based on planimetry methods using MRI. These factors were tested for correlation with patient prognosis. Results All tumor lesions were FMISO-positive and FDG-positive. Univariate analysis indicated that hMTV, hTLG, and EOR were significantly correlated with PFS (p = 0.007, p = 0.04, and p = 0.01, respectively) and that hMTV, hTLG, and EOR were also significantly correlated with OS (p = 0.0028, p = 0.037, and p = 0.014, respectively). In contrast, none of FDG TNR, FMISO TNR, GTV, HV, patients' age, or Karnofsky performance scale (KPS) was significantly correlated with PSF or OS. The hMTV and hTLG were found to be independent factors affecting PFS and OS on multivariate analysis. Conclusions We introduced hMTVand hTLG using FDG and FMISO PET to define metabolically active hypoxic volume. Univariate and multivariate analyses demonstrated that both hMTV and hTLG are significant predictors for PFS and OS in glioblastoma patients.
Introduction
Glioblastoma is the most aggressive astrocytic tumor among cerebral gliomas. It is defined as grade IV according to the 2007 World Health Organization (WHO) classification [1] . Recently, the prognosis of glioblastoma patients has been significantly improved owing to the development of imageguided surgery and radiotherapy and new chemotherapeutic drugs; however, the 2-year survival rate remains at only 27 % [2] .
Since glioblastomas frequently develop severe hypoxia [3] [4] [5] [6] [7] [8] , the most important pathological characteristics that discriminate glioblastoma from lower grade gliomas are necrosis and microvascular proliferation [1] . F-18 fluoromisonidazole (FMISO) positron emission tomography (PET) is the most widely used technique for the localization and quantification of hypoxia in vivo [9] , and enables the non-invasive detection of hypoxia in glioblastoma patients [5] .
Tumor cells can adapt themselves to hypoxia by promoting the genes which drive glucose metabolism and allow the tumor cells to survive and proliferate in hypoxia. In such conditions, glucose is metabolized without consuming oxygen to produce lactate (anaerobic glycolysis) whereas oxygen is essential to fully metabolize glucose (oxidative phosphorylation) [10] . Hypoxia imaging has been reported to provide prognostic information in glioblastoma patients; for example, previous studies found that glioblastoma patients with a larger hypoxia volume (HV) in the tumor had shorter survival [11] [12] [13] [14] . However, hypoxia imaging may reflect not only active tumor cells but also dying cells that could not survive severe hypoxic conditions [8] .
Metabolic activity can be measured using F-18 fluorodeoxyglucose (FDG) PET. According to previous reports, both the intensity and volume of glucose metabolism was associated with poor prognosis in glioma patients [15] [16] [17] . Thus, metabolically active HV can be segmented as the volume showing both FMISO and FDG uptakes. Additionally, because FMISO accumulates in severely hypoxic tissue (≤10 mmHg) where normal neurons and glial cells cannot survive, we hypothesized that FDG within FMISOpositive areas all represent tumor metabolism. In the present study, we aimed to investigate the volume of anaerobic glycolysis in relation to patient outcome.
Materials and Methods

Study subjects
The Ethics Committee of Hokkaido University Hospital approved this study. Written informed consent was obtained from each patient who participated in the study. Using electronic medical records, we reviewed a total of 176 FMISO PET scans from 141 patients for the investigation of possible brain tumors. Patients who did not undergo surgery (resection or biopsy) were excluded. Considering the possible modification of metabolism or hypoxia status by interventions, we further excluded patients who had already received any treatments before PET scanning, including anti-cancer chemotherapy, radiotherapy, and tumor resection. Among them, 32 patients were diagnosed as having glioblastoma. The final study population consisted of 17 male and 15 female glioblastoma patients (age, 63.5 ± 14.8 years). The patients' characteristics' are shown in Table 1 . Pathological diagnosis was determined by agreement between two experienced neuropathologists based on the WHO 2007 classification [1] . All of the 32 glioblastoma patients received additional chemoradiotherapy with temozolomide.
Image acquisition and reconstruction
Magnetic resonance imaging (MRI) was conducted to generate the following image series: T1-weighted images with and without gadolinium contrast medium, T2-weighted images, and fluid-attenuated inversion recovery (FLAIR) images. FDG and FMISO PET were conducted in random order with an interval of <7 days. Both FDG and FMISO PET protocols were the same as in our previous study, with the exception of the types of scanner used [5] . Briefly, for FMISO PET, static PET scanning was initiated at 4 h after intravenous injection. The actual interval and dosage were 4.06 ± 0.30 h, and 413.9 ± 28.2 MBq, respectively. We used one of three PET scanners: an ECAT EXACT HR+ PET scanner (Asahi-Siemens Medical Technologies Ltd., Tokyo, Japan), a Biograph 64 PET computed tomography (CT) scanner (Asahi-Siemens Medical Technologies Ltd., Tokyo, Japan), and Gemini TF64 PET-CT scanner (Hitachi Medical Corporation Ltd, Tokyo, Japan). All scanners were operated in three-dimensional mode. In the case ofthe ECAT EXACT HR+ PET scanner, the 10-minute emission acquisition was followed by a 3-minute transmission scan with a 68 Ge/ 68 Ga retractable line source. In the case of the Biograph 64 PET/CT and Gemini TF64 PET-CT scanners, CT scanning for attenuation correction was followed by a 10-minute emission acquisition. Attenuation-corrected radioactivity images were reconstructed using filtered back projection (ECAT EXACT HR+ and Biograph 64) or the ordered subset expectation maximization method (Gemini TF64) with a Hann filter of 4 mm full width at half maximum.
On the day of the FDG PET scan, the patients fasted for >6 h before the study. The static PET images were acquired at 1 h after intravenous FDG (4.5 MBq/kg) injection. The actual interval and dosage were 1.23 ± 0.30 h, and 323.3 ± 90.6 MBq, respectively. The other imaging protocols for FDG, including acquisition time and image reconstruction, were the same as that for FMISO.
Image analysis
Definition of volume of interest FDG and FMISO PET images, and FLAIR and gadolinium-enhanced T1-weighted MR images were coregistered with individual gadoliniumenhanced T1-weighted MR images using SPM8 software [18] . A nuclear medicine physician created the volumes of interest (VOIs) manually to enclose the entire area showing gadolinium enhancement as the gross tumor volume (GTV), and to enclose the entire area exhibiting a high intensity of FLAIR in the tumor lesion. Every VOI was created using an application tool that was developed in our institute. Polygonal regions of interest (ROIs) were drawn on all the slices that showed gadolinium enhancement of the tumor. The boundaries of the ROIs were made 3-5 mm outside of the Gd enhancement area to include all of the gadolinium-enhanced voxels in the ROIs. The VOI was generated by integrating all of the polygonal ROIs as the tumor lesion.
The normal reference regions were identified on the gadolinium-enhanced T1-weighted MR images of each patient. Contralateral frontal and parietal cortices were used as the reference region in the case of FDG, whereas cerebellar cortex was used as the reference region in the case of FMISO. Circular ROIs (10 mm in diameter) were placed in the manner described as follows. 1) For FMISO, we placed 30 ROIs on the cerebellar cortex (5 ROIs on each hemisphere per slice × 3 axial slices ×2 sides). The averaged value was used for the reference. 2) For FDG, we placed six ROIs on each of the three axial slices on the contralateral frontoparietal cortex. The averaged value was used for the reference. Another nuclear medicine physician visually confirmed that all tumoral and normal ROIs were defined appropriately. Both nuclear medicine physicians had completed neuroradiology training in our institute. The tumor-to-normal region ratio (TNR) was calculated by dividing the maximum standardized uptake value (SUV) of the tumor lesions by the averaged SUVof normal reference. For FMISO, we averaged cerebellar uptake for the normal reference, because use of the target-to-cerebellum ratio has been recommended to most accurately approximate distribution volume [19] . For FDG reference, the cerebellum is not appropriate because the cerebellum cortex uptake is often reduced by contralateral supratentorial tumors (so-called crossed cerebellar diaschisis or CCD). Instead, the contralateral cortex, which we used in this study, has been commonly adopted for FDG normal reference.
Volume definition Within the VOIs with FLAIR high intensity, a voxel that had an FMISO TNR ≥1.3 was defined as FMISO-positive; this was because we successfully detected tumor hypoxia in our previous study [5] . 
Extent of resection
The extent of resections (EOR) using cytoreduction surgery was quantitatively estimated by volumetric change based on planimetry methods using a conventional 6-7-mm-thick slice of Gd-T1WI MRI as described previously [20] . Pre-and postoperative tumor volumes were calculated as the sum of the Gd-enhanced area that was determined manually; then, the resected tumor volume was determined by subtraction of the post-operative tumor volume from the pre-operative tumor volume. The EOR was defined as the percentage of resected tumor volume in the pre-operative tumor volume. Postoperative tumor volumes were assessed using Gd-T1WI MRI that was performed at 48 h after surgery to avoid postoperative changes showing Gd enhancement. In needle biopsy cases, the EOR were defined as 0 %.
Surgical procedures
The surgical procedure was performed in the same manner as described previously [21, 22] . We used an intraoperative neuronavigation system (Stealth Station TREON: Medtronic, Louisville, CO, USA). Gadolinium-enhanced T1-weighted imaging (Gd-T1WI) with three-dimensional spoiled gradient echo (3D-SPGR) MR images and PET images were transferred to the navigation system. FDG PET was used to identify the most active tumor tissue. The surgical procedure was either biopsy or tumor resection. We attempted to remove as much tumor tissue as possible in every case. However, we experienced patients with tumors confined to deep brain structures (e.g., the thalamus) or involving eloquent brain areas (e.g., the perisylvian verbal area) or both. These patients received only biopsy for histological diagnosis because they were not feasible candidates for cytoreductive surgery. In the biopsy cases, following a small craniotomy under general anesthesia, a needle biopsy probe was inserted at a target point within the region with the highest uptake of the tracer. After this, the probe was fixed at the target point, and up to five tissue samples were aspirated through the probe. With the exception of such biopsy cases, we performed a maximum safe resection of the regions of the lesion that exhibited higher tracer uptake than the surrounding brain parenchyma. At least, the tissue showing the highest tracer uptake was carefully resected. To determine the resection boundary, three or four silicon catheters were inserted around the targeted lesion under the guidance of a navigation system before dural opening to avoid inaccuracy caused by brain shift [23] . After insertion of these catheter tubes, we performed a dural incision and resected as much tumor tissue as possible under the guidance of the catheter tubes, as well as other neurophysiological monitoring.
In total, 19, 6, and 7 patients underwent sub-total or grosstotal resection (EOR = 90.3-100 %), partial resection (EOR = 10.6-85.5 %), and biopsy (EOR = 0-2.1 %), respectively.
Prognosis
Overall survival (OS) was defined as the time period (months) between the date of surgery and the date of death for any reason. Progression-free survival (PFS) was defined as the time period (months) between the date of surgery and the date that tumor recurrence was confirmed using any imaging modalities. We observed all patients for >2 months or until death. Twenty-four patients experienced tumor recurrence, 20 of whom died during the follow-up period (OS = 3.2-46.8 months). The remaining 8 patients without recurrence were all alive at the end of the follow-up period, resulting in a total of 12 patients being alive at the end of the follow-up period (2.7-45.1 months).
Statistical analysis
All continuous variables are presented as the mean ±standard deviation. In this study, we attempted to exhaustively determine the optimal cutoff values for each parameter to best categorize patients by OS. We repeatedly applied the logrank test to each parameter and decided the optimal cutoff values that showed maximum χ 2 statistics. This method was applied to the TNR, GTV, HV, hMTV, hTLG, HMF, EOR, Karnofsky performance status and patient age. The survival ) curves were created using the Kaplan-Meier method. We tested the correlation between PFS or OS and parameters using the Cox regression model for univariate analysis and with the Cox proportional hazard model for multivariate analysis. To avoid a problem of multiple testing, the p values of univariate analyses were corrected by the method which was previously reported [24] .
All the statistical analyses were performed using R version 3.1.2 and 'survival' add-on package [25] . p values of <0.05 were considered statistically significant.
Results
SUVmax and tumor volumes
The SUVmax for FDG was 8.44 ± 3.00 (range, 4.19-15.03) and the TNR for FDG was 1.55 ± 0.52 (range, 1.08-3.96). All (100 %) of the lesions had a higher FDG SUVmax than the reference value (i.e., TNR ≥ 1.0), and thus were considered to have a hypermetabolic volume in the tumor. The SUVmax for FMISO was 3.75 ± 1.30 (range, 1.71-6.91) and the TNR for FMISO was 3.29 ± 0.81 (range, 1.48-4.85). In volumetric assessment, the hMTV and HV were 7.98 ± 8.85 ml (range, 0.12-35.27 ml) and 29.78 ± 18.90 (range, 0.84-81.95 ml), respectively. The hTLG was 41.69 ± 37.65 (range, 0.66-126.26) and the HMF was 25.15 ± 18.03 % (range, 0.89-61.80 %). Table 2 summarizes the optimal cutoff values that generated maximum χ 2 statistics for each parameter in categorizing patients by OS. At these cutoff values, the hMTV, hTLG, and EOR were significantly correlated with PFS (p = 0.007, p = 0.04, and p = 0.01, respectively) using univariate analysis. A significantly shorter OS was also suggested by higher HV, higher hMTV, higher hTLG, and lower EOR (p = 0.04, p = 0.0028, p = 0.037, and p = 0.014, respectively; Table 3 ). Seven patients with a higher hMTV (i.e., hMTV ≥15.01) had a significantly shorter OS than the remaining 25 patients with a lower hMTV (i.e., hMTV <15.01); the median OS was 5.3 months for the high-hMTV group (n = 7) vs. 15.7 months for the low-hMTV group (n = 25; Fig. 2a ). Twelve patients with a higher hTLG (i.e., hTLG ≥49.41) had a significantly shorter OS than the remaining 20 patients with a lower hTLG (i.e., hTLG <49.41); the median OS was 5.8 months for the high-hTLG group (n = 12) vs. 15.7 months for the low-hTLG group (n = 20; Fig. 2b ). Sixteen patients with a higher EOR (i.e., EOR ≥ 94.5 %) had a significantly longer OS than those with a lower EOR (i.e., EOR <94.5 %); the median OS was 21.6 months for the low-EOR group (n = 16) vs. 11.3 months for the low-EOR group (n = 16) in common with previous reports (Fig. 2c) . The Kaplan-Meier analysis using medians of hMTV and hTLG as the thresholds did not reach statistical significance (supplementary document).
Univariate analysis
Multivariate analysis
Because the hMTV and hTLG were significantly correlated (Pearson's R = 0.90; p < 0.0001), we constructed two separate models to avoid the co-linearity problem. Model 1 consisted of the hMTV + HV + EOR, and model 2 consisted of the hTLG + HV + EOR. The Cox proportional hazard model for hMTV, HV, and EOR used to predict OS (model 1) indicated that the hMTV and EOR were independent prognostic factors (p = 0.0063 and p = 0.013, respectively; Table 3 ). Analysis using model 2 similarly suggested that the hTLG and EOR independently affected OS (p = 0.011 for hTLG and p = 0.0042 for EOR; Table 3 ). PFS was also independently influenced by the hMTV or hTLG (Table 4) .
Discussion
We conducted a study involving the independent detection of hypermetabolic and hypoxic volumes using FDG PET and FMISO PET, respectively. The parameters hMTV and hTLG were tested as prognostic factors. Using univariate analysis, we found that the patients who had a larger hMTV or larger hTLG, or had undergone a more extensive surgical procedure, survived significantly longer than the other patients. In addition, multivariate analysis indicated that both the hTLG and hMTV were significant prognostic factors that were independent from the EOR. The optimal cutoff values generated maximum χ 2 statistics for each parameter in categorizing patients by OS Abbreviations: FMISO fluoromisonidazole, TNR tumor-to-normal region ratio, FDG fluorodeoxyglucose, GTV gross tumor volume, HV hypoxia volume, HMF hypermetabolic fraction of hypoxic volume, hMTV metabolic tumor volume in hypoxia, hTLG total lesion glycolysis in hypoxia, KPS Karnofsky performance status, EOR extent of resection Recent studies have reported that a lower EOR was a predictor of poor prognosis in glioma patients [26] [27] [28] [29] [30] [31] [32] . Our study confirmed this finding. In addition to the EOR, we newly found that the hTLG and hMTV may predict patient prognosis. These prognostic factors might be independent from the EOR, while further studies will be needed to investigate a large number of patients from multiple institutes before confirming the current results. The point is that we can determine these parameters during the pre-treatment phase. These findings may provide the necessary information for the detection of the patients who will develop early recurrence regardless of the surgical procedure. Such patients might be considered eligible for additional treatment in the future, such as expanding resection of the non-eloquent area, radiation dose escalation, hypoxia-activated chemotherapy, immunotherapy, or photodynamic therapy.
In malignant tumor cells, especially under severely hypoxic conditions, HIF-1α is often promoted through signal transductional pathways, such as the phosphoinositide-3-kinase/ Akt/mTOR pathway, extracellular regulated protein kinase pathway, and the adenosine 5′-monophosphate activated protein kinase pathway. HIF-1α forms a complex with HIF-1β or with other proteins, and adheres to hypoxia-responsive elements (HRE; i.e., 5′-ACGTG-3′) on the genome line. HRE stimulate the downstream enzymes in the glycolytic system such as glucose transporters, hexokinase, pyruvate kinase, and lactate dehydrogenase A [33] . This cascade helps tumor cells metabolize glucose anaerobically and survive under severe hypoxia, the so-called Warburg effect.
In the present study, we hypothesized that FDG uptake intensity in the hypoxic area (i.e., the FMISO-positive area) could represent the tumor's ability to adapt to severe hypoxia. In other words, the FDG/FMISO double-positive fraction may reflect 'signal transmission efficiency' initiated from hypoxia to anaerobic glycolysis. Therefore, we investigated the intensity of anaerobic glycolysis by using the new parameters hMTV and hTLG.
According to previous reports, both the intensity and volume of glucose metabolism were associated with poor prognosis in glioma patients [15] [16] [17] . FDG is a very good tracer for evaluating tumor metabolic activity. It may be argued that all that is needed is FDG PET for the purpose of measuring active tumor volume. In non-brain malignancies, FDG PET has been recently analyzed using volume-based parameters such as Abbreviations: PFS progression-free survival, OS overall survival, HR hazard ratio, FMISO fluoromisonidazole, TNR tumor-to-normal region ratio, FDG fluorodeoxyglucose, GTV gross tumor volume, HV hypoxia volume, HMF hypermetabolic fraction of hypoxic volume, hMTV metabolic tumor volume in hypoxia, hTLG total lesion glycolysis in hypoxia, KPS Karnofsky performance status, EOR extent of resection MTV and TLG [34] . These parameters, however, are difficult to measure for brain tumors because of the physiological uptake of FDG in the brain. Because FMISO uptake reflects severe hypoxia (<10-20 mmHg), normal brain tissues would not be able to survive within a FMISO-positive region. Therefore, the FDG uptake within a FMISO-positive region should exclusively reflect tumoral glucose metabolism, and thus the volume of FDG/FMISO double-positive lesions would reasonably reflect viable tumor volume.
11
C-methionine PET is a well-known technique that can more accurately reflect the tumor volume than MRI [35] . We have recently reported that 11 C-methionine uptake volume is a good parameter for the prediction of prognosis in high-grade glioma [22] . The current study is in line with that study in terms of the clinical significance of viable tumor volume.
The current data are not enough to determine which parameter is the more reliable and the more robust predictor between hMTV and hTLG. The two parameters were strongly correlated (Pearson's R = 0.90; p < 0.0001). Previous studies in headand-neck cancer patients showed that both MTV and TLG were significant predictors [36] [37] [38] [39] [40] , and some of them show the superiority of TLG [36, 39] . Because TLG represents the total amount of FDG taken up in the tumor lesion (i.e., mathematically, TLG is the integral of FDG SUV within the tumor boundary), TLG might reflect both tumor cell number and malignancy per cell.
Previous studies reported the correlation between the HV and prognosis of glioma patients [11, 14] . Hypoxia is wellknown to induce radiation resistance, because free radicalinduced DNA damage requires oxygen molecules [41] . Lactate is produced by anaerobic glycolysis and may scavenge superoxide and hydroxyl radicals [42] . Hypoxia also induces resistance to many types of chemotherapy. Temozolomide, which is the main treatment agent against high-grade glioma, reduces its treatment effect under hypoxia [43] . It is reasonable that tumor hypoxia causes poor prognosis by means of such treatment resistance.
However, in our current study, HV was not a significant independent prognostic factor. We may need further investigation because there are differences between our study and previous studies, including FMISO delineating the threshold and the waiting time after FMISO injection. The size of our study population was relatively small. One of the possible reasons may be the biological heterogeneity inside the FMISO-positive area. The specimens from the FMISOpositive area have been reported to contain necrotic tissue, dying cells, and viable cells [8] . There might be a relationship between necrosis and FMISO uptake; however, FMISO is not taken up in necrotic tissues. Instead, FMISO may accumulate in peri-necrotic viable tumor cells where oxygen concentration is not satisfactory. Theoretically, tumor aggressiveness should be ascribed to the viable cell fraction but not to necrotic tissue or dying cells. Thus, we introduced new parameters from this view point. The new parameters that reflected FDG intensity in FMISO-positive areas could represent the metabolic activity of viable cells under hypoxia. Because the patients with larger hMTV and hTLG may have more viable cells under hypoxia, they have greater possibility of recurrence regardless of successful maximum safe resection. Use of hypoxia imaging has been reported for the planning of radiotherapy [44] , diagnosing glioma [5] , or voxel-by-voxel analysis with FDG PET [45] . However, to our knowledge, the current report is the first to introduce anaerobic glycolytic activity as a prognostic factor.
We exhaustively analyzed the patients' prognosis using every possible cutoff value and determined the optimal threshold using an established method [24] . Although exhaustive analysis contained medians and averages, those thresholds failed to differentiate patients between better and poor prognosis, partly due to skewed distribution of PET parameters.
We need to mention the limitations regarding the study. First, the number of patients enrolled was small. Although survival analysis was limited, the number of variables making up the multivariate models was reasonable; this was To avoid the co-linearity problem, model 1 consisted of the hMTV + HV + EOR, and model 2 consisted of the hTLG + HV + EOR Abbreviations: PFS progression-free survival, OS overall survival, HR hazard ratio, HV hypoxia volume, hMTV metabolic tumor volume in hypoxia, hTLG total lesion glycolysis in hypoxia, EOR extent of resection confirmed by a co-author who is an experienced statistician (Y.I.). Second, the PET images investigated were acquired using several types of PET scanners. The differences in spatial resolution and image contrast may have affected delineation of the FDG-and FMISO-positive lesions. However, to minimize these effects, the images were reconstructed using appropriate smoothing filters to match the full width at half maximum of the reconstructed images with each other.
Conclusion
We introduced the parameters hMTV and hTLG using FDG PET and FMISO PET for glioblastoma patients for the semiquantitative estimation of anaerobic glucose metabolism. Univariate and multivariate analyses demonstrated that both hMTVand hTLG are significant predictors for OS in glioblastoma patients.
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